The greater information depth provided in Hard X-ray Photoelectron Spectroscopy (HAXPES) enables non-destructive analyses of the chemistry and electronic structure of buried interfaces. Moreover, for industrially relevant elements like Al, Si and Ti, the combined access to the Al 1s, Si 1s or Ti 1s photoelectron line and its associated Al KLL, Si KLL or Ti KLL Auger transition, as required for local chemical state analysis on the basis of the Auger parameter, is only possible with hard X-rays. Until now, such photoemission studies were only possible at synchrotron facilities. Recently however, the first commercial XPS/HAXPES systems, equipped with both soft and hard X-ray sources, have entered the market, providing unique opportunities for monitoring the local chemical state of all constituent ions in functional oxides at different probing depths, in a routine laboratory environment. Bulksensitive shallow core-levels can be excited using either the hard or soft X-ray source, whereas more surface-sensitive deep core-level photoelectron lines and associated Auger transitions can be measured using the hard X-ray source. As demonstrated for thin Al2O3, SiO2 and TiO2 films, the local chemical state of the constituting ions in the oxide may even be probed at near constant probing depth by careful selection of sets of photoelectron and Auger lines, as excited with the combined soft and hard X-ray sources. We highlight the potential of lab-based HAXPES for the research on functional oxides and also discuss relevant technical details regarding the calibration of the kinetic binding energy scale.
Introduction
X-ray photoelectron spectroscopy (XPS) is a powerful tool for chemical state analysis. It was established by Kai Siegbahn in the 1950s, who was awarded the Nobel Prize for his work in 1981. 1 Today XPS has become a routine characterization technique for surface and interface analysis in many laboratories around the globe. Most commercial XPS systems that are currently on the market are based on monochromated Al-Kα (1486.7 eV) radiation. However, many of the early XPS systems were using different anode materials, in particular, non-monochromatic Mg-Kα (1253,6 eV) sources, as well as other non-monochromatic X-ray sources with much higher excitation energies, such as Mo-Kα (17.479 keV) 2 , Ag-Lα (2984.3 eV) 3 , Rh-Lα (2696.8 eV) 3 , Zr-Lα (2042.4 eV). 4 Even monochromated Al-Kα and Cr-Kβ sources were combined, since the energy of the fourth order reflection of the relatively low intensity Cr-Kβ line (5946.7 eV) almost exactly matches that of the Al-Kα line (1486.6 eV). 5, 6 XPS using X-rays with energies in excess of 2 keV is commonly referred to as Hard X-ray or High-Energy XPS, further denoted as HAXPES. The first HAXPES measurements, using non-monochromatic Mo-Kα radiation, were reported as early as 1957 2 by Siegbahn's group. It is generally acknowledged that the use of hard X-rays (instead of soft X-rays) offers many advantages for dedicated XPS studies, such as:
• An increased probing depth of photoelectrons from shallow core levels as well as the valence band structure, thus allowing non-destructive analysis of the chemistry and electronic structure of thin films and their buried interfaces up to depths of about 20 nm: see Fig. 1a .
• Access to deep core-level photoelectron lines and deep-core-level Auger transitions, which are not accessible by conventional XPS, allowing advanced chemical-state studies.
• The capability to separate commonly overlapping photoelectron and Auger lines by employing different photon energies, thereby facilitating chemical-state and quantitative XPS analysis of complex multi-element compounds.
• Improved capabilities for non-destructive XPS analysis by resolving the intrinsic (primary zeroloss) and extrinsic (inelastically scattered) intensities 7, 8 of multiple shallow and deep core-level photoelectron lines with their different information depths and inelastic background shapes. [9] [10] [11] In recent days, modern synchrotron facilities provide monochromatic X-ray beams with a tuneable energy ranging from the soft X-ray (hundreds of eV, or even lower) to the hard X-ray regime (exceeding 2 keV), depending on the synchrotron design. Moreover, synchrotron X-ray beams are much more brilliant (i.e. providing higher photon fluxes) as compared to conventional lab-based Xray sources, which is very beneficial to counter the drastic decrease of the photoionization cross section of the shallow core levels with increasing excitation energy. 12 On the downside, the very bright X-ray beam at the synchrotron can easily induce unwanted degradation in volatile and metastable materials, even for short irradiation times. In recent years, HAXPES at the synchrotron has been very successfully applied to characterize buried interfaces and bulk-like chemical and electronic structures of thin-film devices, catalysts and other functional materials. [13] [14] [15] However, comprehensive chemical state studies by HAXPES at the synchrotron in dependence of the synthesis, processing and/or environmental exposure conditions are rare, 16 which can be attributed to limited access and measurement time at synchrotron facilities and the resulting lack of a direct feedback loop between synthesis and characterization.
In recent years, the first commercial lab-based HAXPES spectrometers became available on the market 17 . At present, the available configurations typically include an Ag-Lα, Cr-Kα or Ga-Kα hard Xray source, which can be combined with a soft Al-Kα X-ray source (further referred to as dual-source HAXPES or DS-XPS). The relatively weak signal intensity of the more bulk-sensitive, shallow corelevel photoelectron lines, as excited by hard X-rays, can be compensated by employing a relatively large (e.g. spot size ≥ 100 μm) and grazing (e.g. 70° with respect to surface normal) incident X-ray beam, as well as a relatively large angular opening of the analyser lens (e.g. 20° -30°). In addition, the pass energy for photoelectron detection can be increased, at the cost of the energy resolution.
The full potential of a DS-XPS approach, analogous to conventional XPS, can be accessed by implementing the spectrometer in an integrated system with combined synthesis, processing and analysis. The strength of such an in-situ experimental approach combining DS-XPS analysis with controlled environmental processing, as will be implemented at the Empa laboratories in 2020, is the high versatility of scientific studies that can be performed on a day-to-day basis in parallel to reveal the evolution of the chemistry and electronic structure of buried interfaces in thin films, catalysts and other types of functional (nano-)materials during successive synthesis, processing and environmental exposure steps. nm and Ga-Kα  λ = 10 nm) B) The surface region of oxides is typically not homogeneous. In addition, charging of the surface can lead to depth-dependent peak shifts.
Chemical-state analysis by lab-based HAXPES combining soft and hard X-ray sources
One major advantage of HAXPES compared to conventional XPS is the increase in information depth (see Fig. 1a ), which enables non-destructive analysis of the chemistry and electronic structure at buried interfaces in functional thin films and nano-multilayer stacks, relevant for many existing and emerging nanotechnologies. For example, the different valence state of an element at a buried interface can be distinguished based on the chemical shift of the respective core-level photoelectron line with respect to its bulk or reference state. 18 Analogously, bulk-like chemical and electronic properties of functional materials with deviating surface properties (e.g. passivated metal and alloy surfaces, as well as oxidized and reduced catalysts) become accessible without detrimental sputtering effects. Notably, the increased probing depth of HAXPES can also effectively aid to mitigate daily problematics in non-destructive XPS analysis of air-exposed specimens due to inevitable surface contaminants, like adventitious carbon and/or oxygen (see Fig. 2a ). Depth-resolved analysis by HAXPES at the synchrotron or by DS-XPS in the lab also provides extended capabilities for studying the electronic properties of energy conversion materials; for example, of band bending effects due to the presence of interface or surface states [19] [20] [21] [22] and/or gradients in doping, which can cause a shift in the Fermi level (and thus of the photoelectron lines) as function of depth below the surface (see Figure 1b ). Provided that the angular lens opening (or segment) for electron detection is not too large (presumably ≤ ±10°), depth-dependent gradients in valence states and/or chemical composition 18, [23] [24] [25] could also be non-destructively assessed in the laboratory by combining DS-XPS with angle-resolved analysis.
The use of hard X-rays in HAXPES also provides access to a wealth of deep core-level photoelectron lines and their associated deep core level Auger transitions, which are not available by soft X-rays.
The chemical shifts of Auger lines are typically larger than those of the respective photoelectron lines, which is a direct consequence of the smaller final state relaxation energy for the single core-hole final state in the photoemission process as compared with the double core-hole final state in the Auger process. 26 As first recognized by Wagner, 27, 28 detailed information about the local chemical state of a given element in a compound can thus be derived from the combined analysis of its corelevel photoelectron lines and the corresponding Auger electron line. The local chemical state of an element in a solid primarily comprises the first coordination sphere around the core-ionized atom, as well as the angles and distances between the core-ionized atom and its first-neighboring atoms (or ions). The modified Auger parameter (AP) α' of an element in a compound , as originally proposed by Wagner, 27,28 is defined as the sum of the binding energy EB of a strong core-level photoelectron line (PE) and the kinetic energy EK of a respective prominent and sharp core-level Auger transition (AE), i.e. (see also Fig. 2a )
where hν is the X-ray excitation energy and EK(PE) corresponds to the kinetic energy of the emitted photoelectron. The change in EK(PE) for the atom in a given compound with respect to its reference state is typically referred to as the chemical shift. The magnitude of the chemical shift, ∆EK (PE), is the result of the differences in initial state ∆ε and final state ∆R ea effects for the single core-ionized atom in the compound with respect to a given reference state and can be expressed by
where ∆ε is the energy difference of the core-level electron shell in the ground state of the atom 26, 27 and ∆R ea is the difference in the extra atomic relaxation (or polarization) energy for the single coreionized atom. 26, 29, 30 The magnitude of R ea arises from the final-state screening of the core-hole state created in the photoemission process by electrons from neighboring atoms in the compound, as illustrated in Fig. 2b (i.e. for a single isolated atom: R ea ≡ 0). Hence the value of ∆R ea can be directly related to the electronic polarizability of the neighboring atoms (ligands) around the central (i.e., core-ionized) atom upon core-hole formation, 26, 27 which is very sensitive to structural changes in the nearest coordination sphere of the core-ionized atom.
Figure 2:
The Auger parameter is defined as the distance between the kinetic energies of a core-level photoelectron line and its deep core-level Auger electron for a given element (A) in the compound. The
Auger parameter is a powerful tool for investigations of the local chemical state, as well as other important materials properties such as the electronic polarizability (B). Please note that the adventitious carbon peak, which is clearly visible in the soft Al-Kα spectrum, has practically disappeared in the hard Cr-Kα spectrum recorded from the identical sample.
The kinetic energy shift of a core-core Auger line ∆EK is the result of the differences in initial state and final state effects for the double core-ionized atom in the compound with respect to the reference state and can be approximated by:
As follows from Eq. (1), subtraction of Eqs. 2 and 3 results in the AP shift with respect to its reference state ∆α'≈ 2×∆R ea .
This implies that the AP shift for an atom in a given compound with respect to its reference state is proportional to the difference in extra atomic relaxation energy, which can be related to important physical properties, such as the electronic polarizability, the dielectric constant or the relative density. [31] [32] [33] By analyzing the kinetic energy difference between a core-level photoelectron and its The higher the energy of the applied X-ray excitation source, the higher the kinetic energy of the detected core-level photoelectrons. On the contrary, detected core-core Auger electrons have a fixed kinetic energy, independent of the X-ray excitation energy. This implies that (see Fig. 1a ), the higher the energy of the applied X-ray source in HAXPES, the higher the probing depth of the measured core-level photoelectron line as compared to the constant probing depth of the core-core Auger electron line. This is illustrated in Fig. 3 It can thus be concluded that chemical state AP analysis by hard X-rays generally results in very different probing depths of the studied core photoelectron and core-core Auger lines. This might be unproblematic for chemical state AP studies of homogenous bulk compounds, but becomes very critical for studying the local chemical states of atoms constituents in inhomogeneous surface regions. For example, AP analysis of a thin film using a given hard X-ray energy becomes erroneous if the film experiences depth-dependent gradients in the composition, structure or density, or if depth-dependent shifts in the Fermi level occur due to differential charging and/or band bending (see below). Since the kinetic energy of an Auger electron is independent of the incident X-ray energy, the probing depth of the core-core Auger line can only be varied by varying the electron detection angle. The probing depth of the core photoelectron line can be tuned to match the probing depth of the core-core Auger line by variation of the X-ray excitation energy and/or the detection angle. This implies that state-of-the-art chemical state AP studies at constant probing depth in a laboratory environment requires at least the combination of a soft and hard X-ray source. As such, the core-core Auger lines can be excited using the hard X-ray source, whereas the core photoelectron lines can be probed by either the soft or the hard X-ray to closely match the probing depth As reflected in Fig. 3 , the Al 2p core photoelectron line recorded by hard Cr-Kα X-rays has a much larger probing depth than the respective core-core Auger line. To investigate the effect of the choice of the X-ray excitation source on the AP analysis of a supposedly homogenous bulk compound, the reference values of ′ and ′ for α-Al2O3 were also determined by using the photoelectron and to achieve steady-state surface charge compensation. However, apparently the floating α-Al2O3 specimen exhibits differential charging as a function of depth below the surface. 40 Notably, a X-ray induced surface photo-voltage or junction-voltage in photoactive materials 19, 41 can give rise to similar artifacts. This will be unproblematic for chemical state AP parameter analysis at constant depth using the combination soft and hard X-rays (see above), but will produce falsified results if the core photoelectron and Auger lines are probed at different depths with the hard X-ray source only.
If only hard X-ray radiation is available, this effect can be remedied by setting the detection angle for the photoelectron line measurements to grazing angles (> 75°) to achieve a near constant probing depth for both photoelectron and Auger electron lines (see Fig. 3 ).
Calibration of the energy scale:
In-depth chemical state AP analysis also requires an accurate calibration of the linearity of the kinetic / binding energy scale of the analyzer over the full kinetic energy range. A single point calibration, such as referencing only the Au 4f7/2 line, is insufficient to ensure good linearity of the energy scale.
For a more accurate calibration of the analyzer, a multipoint calibration using well-defined reference samples has to be performed. In conventional XPS measurements, the binding energy positions of the Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 photoemission lines are well-defined (ISO #15472; see Table 1) and provide a sufficient spread in kinetic energy to perform an accurate energy scale calibration up to binding energies of about 1200 eV (Table 1) . However, for modern lab-based HAXPES instruments, the binding energy range exceeds this range by far and the binding energies of deeper core levels, which could provide additional reference points towards higher binding energies (i.e. low kinetic energies), are not nearly as well defined. As an alternative, we suggest measuring a well-established Auger emission lines of standard reference samples (e.g. metallic Cu and Ag) at low kinetic (apparent high binding-) energies such as the Cu L3M45M45 of pure Cu or the Ag M4N45N45 line of pure Ag to perform a multipoint calibration of the energy scale on a single-source lab-based HAXPES system.
For a DS-XPS spectrometer, the same reference sample measured with the soft and hard X-ray source already provides two sets of data points at opposite sides of the kinetic energy scale, which can be straightforwardly used for an effective two-point calibration of the energy scale (e.g. Ag 3d5/2 offers two reference points at 1118.5 eV and 5046.5 eV, in a spectrometer utilizing Al-Kα and Cr-Kα radiation). To offer additional data points for calibration of even wider energy scales, we also report the thus-calibrated positions of the Ag 2p3/2, Au 3d5/2 and Ag 2s lines (see Table 1 ). The combination of hard and soft X-rays by DS-XPS for chemical state AP analysis of insulating materials poses an additional challenge. The different penetration depths and incident photon fluxes of the soft and hard X-ray sources may result in changes in differential charging of the specimen surface 40 when switching from soft to hard X-rays during the dual-source analysis, even if charge neutralization is applied (see Figure 1b) . Analogously, Fermi level shifts by X-ray induced surface photo-voltage or junction-voltage in the case of photoactive materials should depend on the penetration depth and flux of the X-rays. 19, 41 Since a common Auger line in the recorded soft and hard X-ray spectra by DS-XPS always originates from the same probing depth, it is proposed here to align the absolute kinetic energy scales of the recorded soft and hard X-ray spectra on a common Auger line of the studied compound. As such, differences in depth-dependent shifts of the recorded photoelectron and Auger lines due to electrical charging or X-ray induced Fermi-level shifts between the soft or hard X-ray source can be largely cancelled out. Figure 5 illustrates the concept of the energy scale alignment using the O KLL of Al2O3 recorded by DS-XPS using Al-Kα and Cr-Kα sources. 
Summary and future directions
The development of state-of-the-art lab-based HAXPES spectrometers offers exciting new possibilities for materials science at surfaces and interfaces, which complement standard XPS measurements. With the increase in information-depth, new experimental challenges and potential pitfalls arise. When different photoelectron and Auger electron lines are combined for local chemical state analysis, the probing depth has to be considered. We suggest a straightforward measurement principle for studying the Auger parameter at near-constant information depth, which is based on angle-resolved measurements using a combination of soft and hard X-ray sources. By following this measurement strategy, previously well-established reference values for bulk α-Al2O3 were accurately State-of-the-art chemical-state studies of functional materials by lab-based DS-XPS profits from an integrated system with combined synthesis, processing and environmental exposure, as will be implemented at the Empa laboratories in 2020. This enables diverse scientific studies on a day-today basis to reveal the evolution of the chemistry and electronic structure of buried interfaces in thin films, catalysts and other types of functional (nano-)materials during successive synthesis, processing and environmental exposure steps.
Methods
The data reported in this work was collected at the ULVAC-Phi facility in Chigasaki, Japan. Hard Xray photoelectron spectroscopy was performed using a Physical Electronics Quantes spectrometer featuring monochromated Al-Kα as well as monochromated Cr-Kα radiation at energies of 1486.7 eV and 5414.7 eV, respectively. Unless otherwise specified the analysis was conducted at a pass energy of 69 eV and an electron take of angle was 0° relative to the substrate normal to maximize the count rates. Charge neutralization was achieved using a low-energy electron flood gun. The energy scale of the instrument was calibrated using an effective two-point calibration using Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 photoemission lines excited using both sources to create reference points at both ends of the kinetic energy scale (see Table 1 for details). For the Auger parameter study the different static charges for the Cr-Kα measurements and the Al-Kα measurements were compensated by aligning 
